Introduction
Activated protein C (APC) is a natural anticoagulant serine protease that serves as one of the main modulators of the coagulation system by blocking the amplification of the coagulation cascade via inactivation of factors Va and VIIIa. The APC pathway is initiated by complex formation of thrombin, thrombomodulin, and the endothelial protein C receptor, allowing the conversion of the vitamin K-dependent zymogen protein C into its activated form. 1 Cancer cells are known to activate the blood coagulation cascade, resulting in thrombin generation that plays an essential role in metastasis. Minute amounts of thrombin enhance metastasis, whereas thrombintreated cancer cells produce more experimental metastasis. 2, 3 Moreover, thrombin inhibition decreases hematogenous metastasis in mice, 4 and anticoagulants prolong survival of patients with cancer. 5 Therefore, the ability of APC to attenuate thrombin formation may be advantageous in preventing cancer metastasis.
In addition to its anticoagulant activity, APC induces direct cellular effects that regulate the inflammatory response via its direct cell-signaling properties. 6, 7 Such APC-induced signal transduction promotes cancer cell migration, invasion, and angiogenesis and inhibits cancer cell apoptosis. [8] [9] [10] Consequently, it has been hypothesized that APC exacerbates metastasis. 11 However, APCinduced signaling enhances also the vascular endothelial barrier function through activation of endothelial protein C receptor, protease activated receptor 1, and the sphingosine-1-phosphatereceptor-1 (S 1 P 1 ) pathway. [12] [13] [14] [15] [16] [17] This barrier protective effect of APC seems pivotal for limiting inflammatory disease and sepsis-induced mortality. 18 It is thus tempting to speculate that APC-mediated vascular barrier protection may also limit metastasis by counteracting cancer cell extravasation. Indeed, vascular endothelial barrier enhancement protects against cancer cell extravasation in vivo. [19] [20] [21] Overall, APC may limit metastasis by its anticoagulant and barrier protective properties, but it may stimulate metastasis by enhancing the metastatic potential of cancer cells. Therefore, we aimed to evaluate the effect of endogenous APC in cancer cell extravasation of B16F10 melanoma cells into mouse lung.
Methods

Cells and cell culture
Murine B16F10 melanoma cells were obtained from ATCC. Cells were cultured in Dulbecco modified Eagle medium (Lonza) supplemented with 10% fetal calf serum (Sigma-Aldrich), 1% penicillin-streptomycin solution, and L-glutamine at 37°C. Single cell suspensions were prepared from 0.02% EDTA-treated monolayers that were washed and diluted in phosphatebuffered saline (PBS) before counting and inoculation. Cells were stored on ice until injection.
Animals
Ten-week-old, female C57Bl/6 mice (Charles River) were maintained at the animal care facility of the Academic Medical Center, Amsterdam, The 
Experimental pulmonary metastasis model
Cancer cells (3.5 ϫ 10 5 ) suspended in 200 L PBS were injected into the lateral tail vein as described before. [22] [23] [24] After 14 days, mice were anesthetized with Domitor (Pfizer Animal Health Care; the active compound is medetomidine) and Nimatek (Eurovet Animal Health; the active compound is ketamine) and killed by vena cava puncture. Lungs were fixed directly with 4% paraformaldehyde administered through the trachea and were removed afterward. The lungs were kept in paraformaldehyde solution. Formaldehyde was substituted after 24 hours by 70% alcohol. Tumor foci on the surface of the lungs were counted macroscopically with the use o a binocular in a blinded fashion with respect to the intervention. Experiments were performed with 8 mice per group; however, results of mice with inadequate tumor cell inoculation as documented at the time of injection were not used for further analysis. Macroscopic lung pictures were acquired with a Leica MZ 9 5 stereo microscope, with occulair 10ϫ/21B and an interchangeable objective 0.5 x PLAN. The magnification changer was at position 1.0 resulting in a 15.75 final magnification. Pictures were made with a Leica DFC 320 camera and processed with Adobe Photoshop CS Version 8.0.
Monoclonal antibodies
Endogenous APC formation was blocked with the use of the MPC1609 and MAPC1591 monoclonal antibodies to (A)PC as described previously. 25 The class-matched antibody MCO1716 that is targeted against the keyhole limpet hemocyanin protein was used as negative control. Both MPC1609 and MAPC1591 inhibit APC anticoagulant activity in vivo, whereas MPC1609 also inhibits APC signaling effects. Antibodies were dialyzed with the use of the Slide-A-Lyzer (Pierce) 3.5 kDa, to remove azide. The various antibodies were injected intraperitoneally (200 g in 0.9% NaCl) at 30 minutes before cancer cell inoculation. Antibody administration was repeated 48 and 96 hours after cancer cell inoculation. SEW2871, a selective S 1 P 1 agonist (BIOMOL International), was administered intraperitoneally (10 mg/kg body weight) 26, 27 4 hours before cancer cell inoculation and was repeated once daily for 5 days.
In vivo vascular permeability assay
Vascular endothelial barrier function was assessed with the use of the Evans Blue Dye assay as described previously. 28, 29 In brief, Evans Blue (SigmaAldrich; 20 mg/kg) was injected intravenously at 3 hours before mice were killed. At time of killing, blood was sampled by vena cava puncture. Subsequently, lungs were perfused in situ with PBS through the right ventricle to remove intravascular dye from the lungs. After homogenization of the lungs, Evans Blue was extracted by the addition of 2 volumes of formamide followed by incubation for 16 hours at 60°C. After centrifugation at 5000g for 30 minutes, the absorption of Evans Blue was measured spectrophotometrically at a wavelength of 620 nm. Vascular leakage was expressed as OD 620 /gram of lung weight.
Hematoxylin-eosin and VE-cadherin staining
Paraffin-embedded sections of mouse lung (thickness, 3 m) were stained with hematoxylin-eosin according to routine procedures. Immunostaining was performed on deparaffinized and rehydrated sections. Endogenous peroxidase activity was quenched with 0.03% H 2 O 2 in methanol. After antigen retrieval (incubation for 10 minutes at 100°C in 10 mM sodium citrate, pH 6.0), sections were incubated in 10% goat serum in PBS (Dako) for 15 minutes to reduce nonspecific staining. Afterward, section were incubated with anti-mouse VE-cadherin monoclonal antibody (diluted 1:50 in PBS; Abcam) for 60 minutes at room temperature. Slides were incubated with goat anti-rabbit peroxidase-conjugated secondary antibody (Dako; diluted 1:200 in PBS) and visualized with aminoethylcarbazol as peroxidase substrate (Dako). The sections were counterstained with hematoxylin, mounted in glycerin-gelatin and analyzed with the use of a Leica DC 200 (Leica) microscope with a 40ϫ or 100ϫ magnification, and images were captured. Control incubations were performed in the absence of a primary antibody. All slides were analyzed by a blinded observer. Histology slides were pictured using a Leica DMLB microscope with oculars HC Plan S 10ϫ/22. Pictures were taken with a Leica DC 200 camera and processed using Leica Qwin (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) 
Statistical analysis
Statistical analysis was carried out in GraphPad Prism Version 4.03 (GraphPad Software Inc). Data are expressed as mean plus or minus SEM. For normally distributed data, significance was assessed with the Student t test. For not normally distributed data, nonparametric testing was performed with the Mann-Whitney test. Statistical significance was assumed when the P value was less than .05.
Results
Endogenous APC protects against cancer cell extravasation
To determine the effect of endogenous APC on cancer cell extravasation, we compared the number of lung tumors in mice treated with the anti-PC antibody MPC1609 and control antibody MCO1716, respectively. As shown in Figure 1 , blocking of APCs anticoagulant and signaling properties increased the number of BLOOD, 27 AUGUST 2009 ⅐ VOLUME 114, NUMBER 9
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Endogenous APC protects against cancer cell extravasation independent of anticoagulant activity
To discriminate between the anticoagulant and signaling properties of APC on cancer cell extravasation, we compared the effects of treatment with the MPC1609 antibody and the MAPC1591 antibody because this latter antibody does not affect APC-dependent signal transduction. 25 Treatment with MPC1609 resulted in a highly significant increased number of pulmonary tumor foci, whereas MAPC1591 antibody treatment resulted in a similar number of pulmonary tumor foci as in the MCO1716 control group (Figure 2 ). These data show that endogenous APC protects against cancer cell extravasation via its cell-signaling capacity and independently of its anticoagulant activity.
Endogenous APC signaling protects against cancer cell extravasation through S 1 P 1 -mediated barrier protection
The cell-signaling properties of APC are known to enhance vascular endothelial barrier function in inflammation models via the S 1 P 1 pathway. 12, 18, 30 To determine the importance of the S 1 P 1 pathway in APC-dependent cancer cell extravasation, mice were treated with the selective S 1 P 1 agonist SEW2871 in the presence or absence of APC. The number of pulmonary foci is similar in MPC1609-and MOC1716-treated mice when S 1 P 1 is activated constitutively (data not shown).
To further strengthen the notion that endogenous APC signaling protects endothelial barrier function in a model of cancer cell extravasation, we assessed APC-S 1 P 1 -dependent vascular barrier function. Figure 3 shows that cancer cells induced vascular leakage 5 days after inoculation. MPC1609 treatment markedly increased cancer cell-induced vascular leakage. Coadministration of the selective S 1 P 1 receptor agonist SEW2871 with cancer cells completely abrogated MPC1609-induced vascular leakage. These data suggest that endogenous APC limits cancer cell extravasation through activation of the S 1 P 1 pathway, thereby enhancing vascular barrier function.
APC signaling prevents cancer cell extravasation through VE-cadherin expression S 1 P 1 is known to enhance barrier function by stabilizing VEcadherin-dependent cell-cell junctions. The APC blocking antibodies did not affect lung morphology in the absence of cancer cells ( Figure 4A,C,E) . However, treatment of MPC1609 and cancer cell inoculation resulted in alveolar edema and focal erythrocyte extravasation ( Figure 4D ). In contrast, MAPC1591 and MCO1716 treatment in combination with cancer cell inoculation did not induce edema formation or erythrocyte extravasation ( Figure  4B,F) . To substantiate these findings, we performed immunohistologic VE-cadherin staining. As shown in Figure 4 (G-L), cancer cell administration down-regulated VE-cadherin expression on the vascular endothelium. MPC1609 treatment and cancer cell inoculation (almost) completely abolished VE-cadherin expression, whereas MAPC1591 treatment resulted in comparable VE-cadherin expression levels ( Figure 4L ) to the treatment of cancer cells alone ( Figure 4H ). Overall, these data suggest that APC targets the S 1 P 1 pathway, thereby limiting cancer cell-induced disruption of VEcadherin-mediated cell-cell junctions. Endogenous APC protects against cancer cell-induced vascular leakage in the lung through S1P1. Vascular leakage in the lungs was assessed in C56Bl/6 mice treated intraperitoneally with 200 g of an antibody that both blocks anticoagulant and signaling properties (MPC1609; f) and a control antibody (MCO1716; Ⅺ) at 30 minutes before the administration of 1.75 ϫ 10 5 B16F10 into the lateral tail vein in the absence or presence of the S1P1 agonist SEW2871 (10 mg/kg), using the Evans Blue Dye assay. Antibody administration was repeated at 48 and 96 hours after cancer cell inoculation. Mice were killed at 5 days after cancer cell inoculation. Evans Blue Dye was injected intravenously (20 mg/kg) at 3 hours before mice were killed and lungs were harvested, homogenized, and incubated at 60°C in formamide for 16 hours to extract the Evans Blue dye. Vascular leakage was subsequently assessed spectrophotometrically at a wavelength of 620 nm and is indicated as OD620 per gram of lung tissue. Error bars represent means Ϯ SEMs (n ϭ 7-8), ***P Ͻ .001; **P Ͻ .01. VAN 
Discussion
We aimed to elucidate the role of the anticoagulant and cellsignaling effects of endogenous APC on cancer cell extravasation in vivo. Our data indicate that endogenous APC limits cancer cell extravasation through its signaling properties independent of its anticoagulant activity. Moreover, endogenous APC diminishes cancer cell extravasation because of endothelial barrier protection via the S 1 P 1 axis; APC signaling targets VE-cadherin expression, thereby preserving stability of endothelial cell-cell junctions. This implicates that endogenous APC signaling plays a key role in vivo to inhibit cancer cell extravasation.
Our data suggest that the availability of endogenous APC may be an important clinical and pharmacologic parameter in patients with cancer. Interestingly, APC deficiency is observed in patients with cancer, especially in patients using certain types of chemotherapy. 31, 32 Moreover, anticoagulant treatment, which is regularly prescribed to patients with cancer with thrombotic complications, may significantly affect endogenous APC generation. 33 Consequently, preservation or restoration of endogenous APC generation or both might thus be an interesting target for limiting cancer progression.
Our findings that endogenous APC limits metastasis by signal transduction-mediated vascular barrier enhancement through S 1 P 1 signaling are in agreement with studies in patients with systemic inflammation. The PROWESS trial showed that APC treatment significantly reduced mortality in patients with severe sepsis. 34 Subsequent experimental animal models that used APC mutants with diminished anticoagulant activity but normal cytoprotective properties showed that the protective effect of APC in systemic inflammation depends on its cytoprotective activity. 6 More insight into the protective role of APC in inflammatory disease was obtained by animal studies, showing that APC protects the endothelial barrier through S 1 P 1 cross-activation. 12, 14 The relevance of this latter observation was recently established by showing that APC-S 1 P 1 -dependent signaling prevents inflammation-induced vascular leakage and lethality in mice. 18 The anticoagulant capacity of APC does not seem to affect lung tumor colony formation in our experiments. This is surprising because thrombin plays an essential role in metastasis. 2, 3 Interventions with direct or indirect thrombin inhibitors, ie, hirudin and low molecular weight heparin, respectively, inhibit experimental metastasis. [35] [36] [37] [38] Besides, congenital susceptibility to either bleeding or thrombosis modifies the metastatic capacity of some types of cancer cells 23 but not others 39 in the blood stream. Hemophilic (factor VIII deficient) mice were protected against melanoma lung metastasis, whereas thrombophilic factor V Leiden mice developed more metastases than did wild-type littermates. 23 At first glance there may be discrepancies between our data and this previous report on factor V Leiden in cancer biology. Both factor V Leiden mice and mice treated with MAPC1591 are thrombophilic, and the cytoprotective effects of APC are preserved. We do not have a proper explanation for this potential discrepancy yet. However, it should be realized that factor V Leiden mice do not necessarily have the same properties as mice in which the anticoagulant function of APC is blocked selectively. For instance, factor V activation products that are lacking in factor V Leiden mice may induce specific effects. In addition, life-long thrombophilia in factor V Leiden mice may induce compensatory mechanisms affecting cancer cell extravasation that are not induced in APC antibody-treated mice. 
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For personal use only. on April 2, 2017. by guest www.bloodjournal.org From Because endogenous APC limits cancer cell extravasation may suggest that exogenous APC administration would be a potential novel therapeutic avenue to fight cancer metastasis. However, administration of APC may not be as straightforward as expected in patients with cancer. Most importantly, APC has a short half-life of approximately 15 minutes and therefore requires continuous infusion for optimal effect. Such a treatment strategy seems feasible for severe sepsis, where optimal timing of short-term treatment is evident (ie, immediately after admission), but it seems unrealistic for patients with cancer. The timing of APC administration in patients with cancer would be difficult to establish, and APC treatment would probably require long-term treatment. Moreover, the clinically relevant complications of APC treatment, such as bleeding, suggest that long-term treatment may be deleterious. 40 One should realize however that these bleeding complications occur with high-dose APC, whereas we show that endogenous levels appear adequate when bleeding should be much less of a complication. Moreover, high doses of APC are barrier disruptive, 12 suggesting that adequate dosing of APC is highly relevant. Indeed, a case report of a patient with colorectal cancer and sepsis showed massive symptomatic bone marrow infiltration after APC administration. 41 Although this case report may show a barrier disruptive effect of APC, one cannot rule out the role of sepsis in this particular patient.
Despite these potential objections to exogenous APC administration, Bezuhly et al 42 recently showed that repeated administration of exogenous human APC reduced the number of experimental metastasis in mice. Our results extend these interesting observations on the effects of exogenous APC in cancer metastasis. In that study, the endogenous protein C pathway remained intact, leaving the question open whether the signaling or anticoagulant functions of the endogenous protein C pathway were important. Here, we pinpoint the important effect of endogenous APC signaling on vascular endothelial barrier integrity in limiting cancer cell extravasation.
The experimental metastasis model, although routinely used, 23,24 mimics the pathophysiology of the metastatic process only partially because cancer cells are inoculated directly into the bloodstream and are not primary tumor derived. However, this particular model selectively assesses the extravasation step of cancer metastasis 43 and allows studies on cancer cell extravasation without confounding treatment effects on the primary tumor. Importantly, B16F10 cells specifically extravasate in the lung vasculature, 43 mimicking the clinical setting in which melanoma preferentially metastasize to the lung. Thus, although our model is appropriate to study cancer cell extravasation, subsequent experiments should validate our findings in spontaneous metastasis models to determine the effect of endogenous APC on primary tumor growth and angiogenesis, thereby establishing the net effect of endogenous APC on cancer progression and metastasis.
A final important finding of our study is that coadministration of SEW2871 abolishes the aggravating effect of MPC1609 on cancer cell extravasation. The S 1 P 1 selective agonist on itself, however, resulted in more pulmonary tumor foci. This is in line with the notion that S 1 P 1 is known to impair immune responses and to affect cell survival and angiogenesis. [44] [45] [46] In conclusion, our data show that (1) endogenous APC limits cancer cell extravasation, (2) APC limits cancer cell extravasation via its signaling properties, (3) cancer cell extravasation is diminished because of endothelial barrier protection via the S1P axis, and (4) APC signaling targets VE-cadherin expression, thereby preserving stability of endothelial cell-cell junctions. Overall, the APC pathway provides us with a potential clinically relevant finding in cancer progression and metastasis. For personal use only. on April 2, 2017. by guest www.bloodjournal.org From
